Significant fraction of matter in supercritical (or super-Eddington) accretion flow is blown away by radiation force, thus forming outflows, however, the properties of such radiation-driven outflows have been poorly understood. We have performed global two-dimensional radiaion-magnetohydrodynamic simulations of supercritical accretion flow onto a black hole with 10 or 10 8 M ⊙ in a large simulation box of 514r S × 514r S (with r S being the Schwarzschild radius). We confirm that uncollimated outflows with velocities of 10 percents of the speed of light emerge from the innermost part of the accretion flow over wide angles of 10
Introduction
There is growing observational evidence supporting that significant amount of material is blown away from accretion flow (or disk) onto black holes in forms of outflows and jets. In most cases, the outflows are observed through blue-shifted absorption line features (e.g., Miller et al. 2004; Kotani et al. 2006; Kubota et al. 2007; Neilsen et al. 2012; Ponti et al. 2012 for Galactic sources and Terashima & Wilson 2001; Pounds et al. 2003; Reeves et al. 2003; Ganguly & Brotherton 2008; Pounds & Reeves 2009 for active galactic nuclei: AGNs). The estimated mass outflow rate sometimes exceeds the mass accretion rate to the central black holes (e.g., Miller et al. 2008; Ueda et al. 2009; Neilsen et al. 2011) . The dense outflows can also produce Compton upscattering soft photons from the underlying accretion flow, thereby making the emergent spectra harder (e.g, Gladstone et al. 2009; Kawashima et al. 2012) . The structure of the accretion flow is also affected by the presence of outflows (Kawabata & Mineshige 2009 ).
In addition, the outflows are expected to produce deep impacts on their environments, since the outflows from black hole accretion flow, especially those from the innermost part of the flow, do carry large amount of mass, momentum, and energy.
Such powerful outflows may cause dynamical feedback which may trigger (or quench) star formation in surrounding interstellar and galactic medium, thus promoting metal enrichment (Murray et al. 1995; Granato et al. 2004; Di Matteo et al. 2005) . Larger impacts are expected by higher luminosity objects with larger mass accretion rates.
At luminosities close to the Eddington luminosity, radiation energy density overcomes matter energy density so that radiation field can also be dynamically important; radiation-driven outflow thus naturally arises. Matter emits, absorbs, and scatters radiation, while radiation gives (or removes) energy and momentum to matter. In this way, matter and radiation are strongly coupled to each other. To study the outflow from luminous systems, we thus need to properly simulate strong coupling between matter and radiation.
There are two basic lines of simulation study of outflow from luminous black hole accretion flow: hydrodynamic simulations of line-driven outflow by Proga and collaborators (Proga et al. 1998; Proga et al. 2000) , and radiation-hydrodynamic simulations of continuum-driven outflow by our group (Ohsuga et al. 2005; Takeuchi et al. 2009 ). By performing the hydrodynamic simulations incorporating radiation force due to spectral lines (line force) into the equation of motion, Proga & Kallman (2004) have studied the dynamics of the line-driven outflow. They investigated the outflow properties above the disk by setting an optically thick and geometrically thin disk on the equatorial plane as a boundary condition. The radiation energy equation is not solved and the reprocessed photons are neglected. In contrast, our simulations self-consistently solve the accretion disks and the outflows, although our studies are restricted to the continuum-driven outflows. By solving radiation energy equation, we consider diffusive photons which suffer numerous Thomson scattering. The continuum radiation force via diffusive photons drives outflows.
In traditional hydrodynamic (or radiation-hydrodynamic) models of accretion flows, the disk viscosity, most important physical process in the disk theory, is described by the phenomenological α-viscosity model, although it should, in principle, be determined in accordance with magnetic field amplifications and dissipation within the flow. In other words, global multi-dimensional radiaion-magnetohydrodynamic (radiation-MHD) simulations are necessary for understanding luminous black hole inflow-outflow system. Under such considerations, we have recently started global two-dimensional radiation-MHD simulations Ohsuga & Mineshige 2011, hereafter Papers I and II, respectively) . The most important findings in those simulations are ubiquitous outflow in every mode of accretion flow and a new type of jet emerging at high luminosities; magnetically collimated, radiation-pressure driven jet (Takeuchi et al. 2010) .
The aim of the present study is to examine large-scale behaviour of continuum-driven outflow from supercritical (or super-Eddington) accretion flows. For this purpose, we run new simulation with a significantly increased simulation box size of 514r S × 514r S , where r S is the Schwarzschild radius (Note that it was only 105r S × 103r S in Papers II). With this treatment we could find clumpy outflow structure in distant regions from the central black hole. The plan of this paper is as follows. In the next section, we overview the basic equations of our radiation-MHD simulations. We present the simulation results of clumpy outflow from supercritical accretion flows in section 3. The formation mechanisms of clumpy structure and the observational implications will be also discussed in section 4. The final section is devoted to concluding remarks.
Basic Equations
We simulated supercritical accretion flows and the associated outflows by using the global two-dimensional radiation-MHD code developed by Papers I and II. The basic equations and the numerical method are described them in details. Hence, we overview them and stress the differences from the previous calculations.
We used cylindrical coordinates (R, θ, z), where R, θ, and z are the radial distance, the azimuthal angle, and the vertical distance, respectively. We assume that the flow is nonself-gravitating, reflection symmetric relative to the equatorial plane (with z = 0), and axisymmetric with respect to the rotation axis (i.e., ∂/∂θ = 0). The basic equations which take the terms up to the order of (v/c) 1 are as follows (Mihalas & Weibel Mihalas 1984; Stone & Norman 1992) : the continuity equation,
the equations of motion,
the energy equation of the gas,
the energy equation of the radiation,
and the induction equation,
Here, ρ is the matter density, v is the flow velocity, c is the speed of light, e is the internal energy density of the gas, p gas is the gas pressure, B is the magnetic field, J = c∇ × B/4π is the electric current, B bb = σT 4 gas /π is the blackbody intensity, σ is the Stefan-Boltzmann constant, T gas is the temperature of the gas, E 0 is the radiation energy density, F 0 is the radiative flux, P 0 is the radiation-pressure tensor, χ abs = (κ ff + κ bf )ρ is the absorption opacity per unit volume (with dimensions of length −1 ), χ = (κ es + κ ff + κ bf )ρ is the total opacity per unit volume, and η is the resistivity, respectively. The subscript 0 means the values measured in the co-moving (fluid) frame. For simplicity, we adopt the gray (frequency-integrated) approximation for the radiation terms.
We adopt the pseudo-Newtonian potential, ψ PN , to incorporate the general relativistic effects, given by ψ PN = −GM/(r− r S ) (Paczyński & Wiita 1980) . Here, r = (R 2 + z 2 ) 1/2 is the distance from the origin. The Schwarzschild radius is given by r S = 2GM/c 2 , where G is the gravitational constant, and M is the mass of the black hole, respectively.
The set of equations (1)- (5) can be closed by using an ideal gas equation of state, p gas = (γ − 1)e = ρk B T gas /µm p , and by adopting the flux-limited diffusion (FLD) approximation to evaluate F 0 and P 0 (Levermore & Pomraning 1981) . Here, γ is the specific heat ratio, k B is the Boltzmann constant, µ is the mean molecular weight, and m p is the proton mass.
We consider the electron scattering, κ es , the Rosseland mean free-free absorption, κ ff , and bound-free absorption opacity, κ bf , for solar metallicity;
and κ bf = 4.8 × 10
where σ T is the Thomson scattering cross-section. We initially set a magnetized rotating torus surrounding a non-rotating black hole at the origin. The center of the torus, where the matter density is at maximum, is located at R = 40 r S . The initial, maximum density (at the center of the torus) is the same as that of Model A of Paper I and II; i.e., ρ 0 = 1 g cm −3 . We assume initially closed poloidal magnetic field and their strengths are determined so as to achieve the plasma-β (≡ p gas /p mag ) to be 100 within the torus, where p mag = B 2 /8π is the magnetic pressure. This torus is sandwiched by a nonrotating, non-magnetized isothermal corona. Since the initial ambient gas is finally ejected out of the computational domain, it does not affect the resulting flow structure.
We adopt free boundary conditions at the upper and the outer boundaries, where we allow mass, momentum, and energy to free go out but nothing can enter the calculation box. At the inner boundary at R = 2r S around the black hole we remove all the mass, momentum, and energy which enter the inner zone inside this radius. Technically, we first solve the non-radiative MHD equations for initial 1 s, and then turn on the radiation terms.
The calculation methods, the initial model, and the boundary conditions so far described are the same as those adopted in Papers I and II. Only a difference is the size of the calculation box. Since the purpose of this study is to examine global gas dynamics of the outflow originating from supercritical accretion flow, we need a wider spatial range. Thus, we set the computational domain of cylindrical shells of 2r S ≤ R ≤ 514r S and 0 ≤ z ≤ 514r S . This large calculation box leads us to a discover of clumpy outflow structure, as we see in the next section. The grid spacing of the radial distance, ∆R, and the vertical distance, ∆z, are uniform, given by ∆R = ∆z = 0.4 r S . Note that the computational domain of Papers II was 2 r S ≤ R ≤ 105 r S , and 0 ≤ z ≤ 103r S , and the grid spacing was ∆R = ∆z = 0.2r S .
Properties of Clumpy Outflow

Overview of Clumpy Outflow
Let us first overview the global gas dynamics. Figure 1 shows the two-dimensional distributions of the matter density (upper panels) and the ratio of the gas temperature to the radiation temperature (lower panels) in the whole computational domain in the left panels and in a clumpy outflow region (defined later) in the right panels at the elapsed time of t = 9 s. The black hole mass is set to be M = 10M ⊙ . The radiation temperature is given by T rad = (cE 0 /4σ) 1/4 . Yellow arrows in the upper left panel indicate the velocity field whose values are larger than the escape velocity, v esc = (2GM/r) 1/2 . Green lines in the upper left panel indicate the surface, where the equality, χF 0 /c = ρ|∇ψ PN |, holds in time average between t = 8.8-9.2 s. Upward radiation force overcomes downward gravity force of the central black hole in the upper and right region.
We evaluated the following basic quantities: the mass accretion rate isṀ acc ∼ 100L E /c 2 ; the mass outflow rate iṡ
Here, the Eddington luminosity L E is given by L E = 4πcGM/κ es . The mass accretion rate and the mass outflow rate were calculated by summing up the mass passing through the inner boundary and the upper boundary per unit time with higher velocities than the escape velocity. The photon luminosity were calculated based on the radiative flux at the upper boundary:
and
The mass accretion rate onto the black hole exceeds the critical rate giving rise to the Eddington luminosity; i.e., the simulated flow is supercritical (Shakura & Sunyaev 1973 ; see chap. 10 of Kato et al. 2008 for a review). The inflow-ouflow structure in the central region (R < ∼ 100r S , z < ∼ 100r S ) is consistent with the previous result (Paper II). Note that we adjusted the color scale in such a way to clearly show the flow structure in the distant region from the central black hole. As a result, the color scale in the central accretion flow region is saturated. Figure 1 shows clumpy structure in the distant outflow region (R > ∼ 200r S and z > ∼ 250r S ), in which upward radiation force overcomes downward gravity force. Gas clumps whose matter density is about 10 −6 g cm −3 and velocity is about 10% of the speed of light are blown away over wide angles of 10
• -50
• from the disk rotation axis.
Besides the uncollimated outflows we also confirmed the ejection of a high-speed, collimated jet in a narrow region along the disk rotation axis. This high-speed outflow is accelerated by continuum radiation force while it is collimated by the Lorentz force of a magnetic tower structure despite radiation energy greatly dominating the magnetic energy (see Takeuchi et al. 2010) . Note that the magnetic tower structure is created by the inflation of toroidal magnetic field which are accumulating around the black hole. In the present paper, we focus properties of the clumpy outflow.
We show the clumpy structure in more details in the upper right panel of Figure 1 . The depicted area is 300r S ≤ R ≤ 400r S and 350r S ≤ z ≤ 450r S (hereafter called as the "clumpy outflow region"), corresponding to the location of the white square in the upper left panel. Clearly displayed is grossly inhomogeneous density pattern which is composed of high density clumps (ρ cl ∼ 10 −6 g cm −3 ) and ambient low-density media (ρ amb ∼ 10 −8 g cm −3 ). The lower right panel shows the ratio of the gas temperature to the radiation temperature in the clumpy outflow region. It is interesting to note that the radiative equilibrium (Q + rad ∼ Q − rad , and hence T gas ∼ T rad ) is achieved within clumps, as well as within the underlying accretion flow. Here, Q + rad = cχ abs E 0 and Q − rad = 4πχ abs B bb are the radiation heating rate and the radiation cooling rate, respectively. In the ambient media, in contrast, decoupling of matter and radiation occurs (T gas > T rad ) because of low matter density.
Also note that Figure 1 gives a snapshot. In fact, the clumpy structure is not stationary but changes its shape in time. The gas particles that compose a clump are not the same. As we will see later the gas particles move faster than clumps and sometimes go through a clump. Fig. 1 . Two-dimensional structure of a supercritical accretion flow and the associated outflow around a black hole with M = 10M ⊙ . The upper and lower left panels, respectively, show the color contours of the matter density overlaid with the flow velocity vector and those of the ratio of the gas temperature to the radiation temperature in the whole computational domain. The velocity arrows are displayed only in the region in which their values exceed the escape velocity. Green lines in the upper left panel indicate the surface which upward radiation force equals downward gravity force of the central black hole. The right two panels are the same as those in the left panels but in a narrower region; 300r S ≤ R ≤ 400r S and 350r S ≤ z ≤ 450r S . The elapsed time is 9 s, which corresponds to about 30 times Keplerian timescale at R = 40r S .
Clump size and shape
The two-dimensional contour plots shown in the previous section are useful to understand the clumpy patterns of the outflow, but it is not always easy to derive a typical size of the clumps and a mean separation between the clumps. For deriving such statistical quantities, auto-correlation function (ACF) is quite useful (see Appendix for the actual calculation method).
We show ACFs of the matter density as a function of the typical height at the elapsed time of t = 9 s in Figure 2 . The integration range of the ACFs are (R in ,R out ) = (100r S ,200r S ) for z = 160r S , (R in , R out ) = (150r S , 250r S ) for z = 230-250r S , and (R in , R out ) = (300r S , 400r S ) for z = 380r S , respectively.
The ACFs show several noteworthy features. First, no strong correlation is found at low altitudes, z < ∼ 200r S , meaning that no clumps there are. Second, we see a sharp peak in the ACFs for the data above z > ∼ 250r S , indicating that clumps are being formed at ∼ 250r S . The typical clump size ℓ cl can be measured by the width of the central peak and is ∼ 10r S . Third, the shape of ACFs at higher z ∼ 250r S do not change appreciable. This means, the clumps retain their shapes in the statistical sense even after moving upwards. The clump size is 25 times the grid spacing (∆r = ∆z = 0.4r S ). We can thus conclude that each clump is well resolved in our simulations.
To understand what the typical size of ∼ 10r S means physically, we estimate the optical depth of clumps for this length scale inserting typical clump density, ρ cl ∼ 10 −6 g cm −3 , finding
That is, the clump size is on the order of one optical depth. This is a very important property of the clumps to consider their for- mation mechanism. Here, we note that the electron scattering opacity dominates over the absorption (free-free and boundfree) opacities because of high gas temperature in the present simulation; that is, χ/ρ ∼ κ es . This relation quite generally holds in radiation-dominated accretion disks or flows. We here integrated ACFs in the R-direction. Note that clumps constitute an elongate shape along the outflow direction, which is obvious in the upper panels of Figure 1 . This feature is also important to understand their physical formation mechanism.
Anti-correlation between matter density and radiation force
To understand the physical cause of the clump formation, we need to know the relationship between different physical quantities. The fact that the typical clump size corresponds to one optical depth indicates the relevant physical mechanism underlying the clump formation to be somehow related to radiation processes.
Let us check the magnitude and the direction of the radiation force per unit mass, f rad = χF 0 /ρc, in the contour plot of the matter density, which is shown in Figure 3 . Anti-correlation between the matter density and the absolute magnitudes of the radiation force is clear in the clumpy outflow region; i.e., we see longer arrows (representing stronger radiation force) in the low-density regions (with dark colors). It looks as if the radiative flux avoids dense (clumpy) regions and instead selectively pass through low-density channels between the clumps. The direction of the radiative flux seems to be responsible for the elongate shape of clumps.
To see this anti-correlation nature more explicitly, we plot in Figure 4 the values of matter density and radiation force in each grid point in the clumpy outflow region. Again, the anticorrelation is clear. Moreover, the relationships between theses two quantities are roughly expressed by a power-law, where a power-law index is found to be a ∼ 0.5 at ρ > ∼ 10
. The break of the power-law index is understood in terms of the optical depth. In the optically thick media, where the radiative diffusion approximation holds, the radiation flux is inversely proportional to the optical depth (and, hence, the matter density); i.e.,
In the optically thin media where the streaming limit applies, on the other hand, the absolute value of the radiation force is given by
We thus conclude that the break point of the power-law index indicates the boundary between optically thick and thin limit. As long as the radiation energy density E 0 is more or less homogeneous, which is actually the case, the radiation force is weaker in the optically thick medium, roughly inversely proportional to the optical depth, f rad ∝ τ −1 . In the perturbed radiation-supported atmosphere, the radiative flux tends to avoid high-density regions.
Let us illustrate the anti-correlation in a somewhat different way. Figure 5 shows the cross-correlation functions (CCFs) between the matter density and the absolute magnitudes of radiation force per unit mass. The integration range is the same as Figure 2 . Anti-correlation is expressed by the negative value at zero separation. We also notice that these anti-correlations actually evolve as the flow moves upward (towards higher z).
Structural Variations of a Gas Element
In order to understand how clumps form and grow at z > ∼ 250r S , we pick up one test gas element, follow its trajectory, and plot the time evolution of its physical quantities. The selected gas elements travel from (R, z) = (94r S , 150r S ) (within the accretion flow) at the elapsed time of t = 8.8 s and reaches the point (R, z) = (390r S , 480r S ) at t = 9.7 s. The trajectory of the element is calculated by the following equation,
where r n (n = 1,2,· · ·) is the position vector of the test particle at the n-th time step (t = t n ), v n is the velocity vector at t = t n obtained from the simulation data, and ∆t = t n+1 − t n is the time interval. We set the time interval to be ∆t = 10 −4 , which is shorter than any physical time scales (Table 1) . Figure 6 show a typical time evolution of gas elements. Here, the top, middle, and bottom panels indicate gas and radiation temperatures, the ratio of the radiation energy density to the sum of the gas and magnetic energy densities expressed by ε = E 0 /(e + B 2 /8π), and the matter density, respectively. We find that most gas elements go through the low gas density and the high gas temperature region before forming the clump. Initially (at t < ∼ 9.2 s), this gas element was within the dense accretion flow, in which matter and radiation is strongly coupled; i.e., T gas = T rad . At t ∼ 9.2-9.5 s, the decoupling occurs as the matter density decreases. Finally, the hot gas element merges with pre-existed cold clump and cools down (ρ ∼ 10 −6 g cm −3 ; T gas ∼ 10 6 K). The gas temperature in the hot region (inter-clump space) is much larger than the radiation temperature due probably to compressional heating caused by weak shock. We have confirmed that kinematic energy density is comparable or slightly exceeds the thermal energy of gas. The coupling between the radiation and matter is so weak there that the radiative cooling cannot be effective. (This contrasts with the case of clump region, in which tight coupling between the radiation and matter leads to the equal temperatures.) Further, Joule heating can assist the energy gain but cannot be a main heating source, since we will show in section 4.2 that similar high temperatures are obtained by radiation-MHD simulations with no magnetic fields. The gas entropy is much higher in the hot region than that within the clumps. Therefore, the hot region is buoyant. Cautions should be taken here, however, since inverseCompton scattering is not considered in the present simulations. We expect somewhat lower temperature in the inter-blob space (Kawashima et al. 2009) . To see what force is responsible for the acceleration of the clumpy outflow, we compare the time-averaged forces over t = 9.60-9.65 s by using the data in Figure 6 (see Table 2 ). Here,
) is the Lorenz force (the magnetic-pressure force plus the tension force), f gas = −ρ −1 ∇p gas is the gaspressure force,
−1/2 are the radial and vertical components of the acceleration of the gas particle, respectively. We understand that the continuum radiation force is the driving force of the clumpy outflow. This result is reasonable, since the clumpy outflow region is totally radiation-energy dominated (see the middle panel in Figure 6 ). Gas pressure force f para gas = f R gas cos θ cl + f z gas sin θ cl ∼ 3 × 10 4 dyn g −1 * The radial and vertical components of the acceleration of the gas elements are expressed by cosθ cl = v R (v 2 R + v 2 z ) −1/2 and sin θ cl = vz(v 2 R + v 2 z ) −1/2 , respectively. Middle panel: the ratio of the radiation energy density to the sum of the gas and magnetic energy densities. Bottom panel: the matter density. This gas element emerging from the accretion flow at the elapsed time of t = 8.8 s, first moves through a low density, high temperature inter-clump region region at t ∼ 9.2-9.5 s, and merges into a high density, low temperature clump at t ∼ 9.6 s.
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Discussion
Mechanism of creating clumpy outflow
As we have seen in the previous section, the clumpy outflow has a number of unique features: (1) clumpy structure appears in the layer where upward radiation force overcomes downward gravity force, (2) a clump size is about one optical depth, (3) there is a clear anti-correlation between the matter density and radiation force, (4) temperature variations of some clumps are not monotonic increase nor monotonic decrease. On the basis of these facts we discuss plausible physical mechanism of clump outflow.
The fact (4) obviously indicates that clump formation cannot be explained by a thermal instability, which cause that the gas temperature monotonically decreases (increases) with a monotonic increase (decrease) of the matter density (e.g., Balbus & Soker 1989) . The cooling rate is expressed as Q − rad ∝ ρ 2 T 1/2 gas ∝ T −3/2 gas under the condition of constant gas-pressure, which is a good assumption in the present simulations (see Fig. 6 ). Since the thermal instability criterion is written as (e.g. Kato et al. 2008 ) dQ + rad /dT gas > dQ − rad /dT gas , the system should be unstable, if the heating rate Q + rad does not depend on temperature. This is the case corresponding to the interstellar medium. In the present case, we evaluate Q + rad ∝ (κ ff + κ bf )ρE 0 ∝ T −11/2 gas for the Kramers-type opacity (κ ff + κ bf ∝ ρT −7/2 gas ) adopted in the present study and under the conditions of constant gaspressure and constant radiation-energy density (E 0 ). Then, the system should be thermally stable. However, it is not easy to express the heating rate in such simple forms for such dynamically evolving media as those we study, since compressional heating may play a key role.
The fact (1) means that the clumpy outflow is RayleighTaylor unstable. In luminous black hole inflow-outflow system, radiation field acts like an effective gravitational field. The green line of the upper left panel in Figure 1 indicates that the direction of the effective gravitational field is reversed by the strong radiation force of the flow. Since the matter density decreases in the direction of the acceleration, Rayleigh-Taylor instability should set out. The overturning motion of gas elements will form seeds of clumpy density pattern. We thus conclude that Rayleigh-Taylor instability is the primary cause of the clump formation. Jacquet & Krumholz (2011) performed linear stability analysis of a plane-parallel superposition of two media immersed in radiation field. They examined the stability in the optically thin and thick limit, finding that both cases could be Rayleigh-Taylor unstable. Such radiation-induced Rayleigh-Taylor instability also appears in massive star formation system and H II region (see also Mathews & Blumenthal 1977; Krumholz et al. 2009 ).
The Rayleigh-Taylor instability, however, cannot explain the facts (2) and (3), which rather imply radiation processes being somehow involved. We thus further examine radiation-related instabilities. From Equation (14) and (15), radiation force could work as the positive feedback to grow the initial perturbation of the matter density, leading to a formation of inhomogeneous density pattern. Shaviv (2001a) made a global linear stability analysis for the optically thick, radiation-dominated atmospheres of the super-Eddinton outflow from stars. He has clearly shown that perturbations with wavelengths on the order of pressure scale-height H grow on the order of sound crossing timescales under a fixed radiation-temperature condition at the bottom. This is a radiation-hydrodynamic instability and is expected to create inhomogeneous (porous) density structure just below photosphere of the objets (see also Shaviv 2001b; Fukue 2003) . Note that one pressure scale-height roughly corresponds to one optical depth just below the photosphere. That is, this instability may help forming clumps of one optical depth in the present study.
We here found the anti-correlation between the matter density and the absolute value of radiation force per unit mass in the present analysis. In contrast, Shaviv (2001a) claimed anticorrelation between matter density and radiation energy den- sity, which we do not confirm in our simulations. The reason for this should be clarified in a future work.
In this simulation, we assumed that the flow is axisymmetric with respect to the rotation axis; i.e., the dense outflowing gases in the present simulation are not clumpy but annular. However, since the Rayleigh-Taylor and the radiation-hydrodynamic instability would work the clumpy structure formation even in the three-dimensional simulations.
Role of Magnetic Field in Clump Formation
When strong, ordered magnetic field are present in radiationdominated atmosphere, the magnetic photon bubble instability may also work to produce inhomogeneous structure on the condition of F 0 > ∼ E 0 c s (Arons 1992; Gammie 1998; Blaes & Socrates 2003) . Turner et al. (2005) performed the local radiation-MHD simulations of the standard thin (ShakuraSunyaev) disk with the initial mass accretion rate 10% of the Eddington limit for a 10% radiative efficiency, and reported the occurrence of the magnetic photon bubble instability, giving rise to inhomogeneous density structure. They also assert that the radiation-hydrodynamic instability of Shaviv (2001a) does not occur, although the this instability grows faster than the magnetic photon bubble instability, since the fixed radiation temperature lower boundary is not satisfied.
To see if the existence of magnetic field is essential for the clumpy structure formation in our simulations, we performed non-magnetic radiation-hydrodynamic simulations. In this simulation, we adopted the data of the radiation-MHD calculation at the elapsed time of 7 s as the initial condition and then run the same code but by artificially vanishing magnetic field everywhere. Once magnetic field are made zero, they never appear forever (see induction equation in Equation 5). We should also note that there is no accretion motion in this simulation, since the disk viscosity, which is of a magnetic origin, disappears. This simulation is nevertheless useful to see the dynamical properties of the non-magnetized outflow which takes place on much shorter timescales than the viscous timescale of the underlying disk. Figure 7 illustrates the resultant density distribution in the whole computational domain at the elapsed time of t = 9 s. The green lines indicate the surface of χF 0 /c = ρ|∇ψ PN |. It clearly shows again clumpy outflow structure above z > ∼ 250r s , where the upward radiation force overcomes the downward gravity force. We further confirm the typical clump size to be 10r S from the ACF analysis and anti-correlation between the matter density and the radiation force in the non-magnetic case, as well. We can thus conclude that magnetic field is not essential for creating clumpy outflows. In other words, the magnetic photon bubble instability is not a primary cause of clump formation. This result, however, does not exclude a possible occurrence of magnetic photon bubble instability in a real situation, since the wavelength with the fastest growth rate is ∼ (3p gas /E 0 )H ≪ H, which is too short to resolve by the present simulations. We need finer grid spacing, than the present case, to see the effects of magnetic photon bubble instability, if it really occurs.
Comparison with the Observational facts
As was mentioned in Introduction, the emergence of outflow from various types of black hole objects has been reported through a number of X-ray observations. The clumpy nature of the outflow has also been suggested recently by the observations of luminous accretion flows, such as ultra-luminous X-ray sources (ULXs) and bright AGNs. That is, the clumpy outflow nature does not depend on black hole masses observationally. We note that our results of the inflow-outflow structure also apply to the cases with supermassive black holes, since Thomson scattering dominates over absorption opacities in the supercritical accretion regimes, whatever black hole masses will be. The matter density decreases with an increase of the black hole mass, ρ ∝ M −1 , for a fixed mass accretion rate. Hence, the radiation force on the Thomson scattering (∝ ρ 0 ) is dominant over the bound-free and free-free absorptions (∝ ρ) even in the case of massive holes.
We actually performed the same radiation-MHD simulations for the case with a supermassive black hole (M = 10 8 M ⊙ ). The resultant density contours shown in Figure 8 clearly demonstrate the emergence of similar clumpy outflow patterns. By calculating ACFs, we also confirmed that the typical clump size is ∼ 10r S , corresponding to τ cl = κ es ρ cl ℓ cl ∼ 1 (since ρ cl ∝ M −1 while ℓ cl ∝ M ). Based on the variability study of the ULX, NGC 5408 X-1, Middleton et al. (2011) found that it has a similar spectra with the black hole binary (BHB), GRS 1915+105 and some extreme Narrow-Line Seyfert 1s. They conclude that the underlying accretion flow should be supercritical and the associated outflow has clumpy structure with the variability on timescales of several tens of seconds (see also Middleton et al. 2012) . Tombesi et al. (2010) detected blueshifted Fe K absorption lines from several AGNs whose the bolometric luminosities are estimated to be close to the Eddington one, and suggested the presence of outflows from the central regions with mildly relativistic velocities, in the range 0.04-0.15c: so called Ultra-Fast Outflows (UFOs). The ionization of the absorbers is in the range ξ ∼ 10 3 -10 6 erg cm s −1 , and the column density is in the interval N H ∼ 10 22 -10 24 cm −2 (Tombesi et al. 2011) . The observed spectral variability on time-scales of ∼ days (e.g., Braito et al. 2007; Cappi et al. 2009 ) suggests that the outflows have clumpy structure (Tombesi et al. 2012) .
Let us compare our results with these observational facts. It is important to note that once a clump passes across our line of sight, it will produce significant absorption, since the clump optical depth is about unity. To see how frequently such obscuration occurs, we calculate the spatial covering factor of the clumps, C, by integrating the fraction of sky covered by each clump element. The factor can be derived by
where n cl is the number density of the clump, r ph is the location of the photosphere, and (θ 2 − θ 1 ) is the opening angle of clumpy outflow, respectively (e.g., Bottorff & Ferland 2001) . The spherical polar coordinates (r, θ, ϕ) are used. Note that the clump size ℓ cl is not radius but diameter. The number density is given by
where we use the following relation: the mass outflow ratė M out = r 2 ρv r Ω; the matter density of the outflow ρ ∼ m cl n cl ; the unit mass of the clump m cl = πℓ 3 cl ρ cl /6; the solid angle of the outflow Ω = 2 θ2 θ1 2π 0 sin θdθdϕ. Using Equation (12), the covering factor is estimated to be
Note that the covering factor does not depend on the black hole mass nor the size of the clump, as long as the clump size is expressed in terms of the Schwarzschild radius. We thus expect occasional obscuration of the light from the center by clumpy outflow, being thus in agreement with the observations. Next, we estimate the photoionization parameter of clumps. The photoionization parameter, ξ, is first proposed by Tarter et al. (1969) and is expressed by
where L X is the luminosity in the X-ray band. Using the relation, τ cl = n cl σ T ℓ cl , the photoionization parameter is estimated to be
Equation (21) indicates that clumpy outflows are mildly ionized (Kallman & McCray 1982) . Although the parameter does not explicitly depend on the black hole mass, strictly speaking, the luminosity in the X-ray band L X depends on the black hole mass; L X ∼ L bol for Galactic sources and L X ∼ 0.1L bol for AGNs. Here, L bol is the bolometric luminosity of the source. We assume L bol ∼ L E in Equation (21). We thus expect line absorption features to be observed, in agreement with the observations. Finally, let us estimate the variability timescale of the clumpy outflow t cl , which is given by
We here assume that the angular momentum, which was GM r ph at the photosphere (at r = r ph ), is conserved even when it travels to the radius, r. We thus estimate
in good agreement with the observations of AGN. This estimation cannot explain the long variation timescales of the ULXs, on the order of several tens of seconds, unless the black hole is large (Middleton et al. 2011) . If the same mechanism applies to ULXs, they should contain supermassive black holes. The simulation results can account for the basic properties of the UFOs of AGN observed with X-ray. We should note, however, that we adopt gray approximation in the present simulations, meaning that we cannot properly discuss the spectral energy distribution (SED). More detailed comparison with the observations, in terms of absorption spectra, is left for future issue.
The Origin of Broad-Line Clouds?
The broad-line region (BLR) is a standard AGN ingredient (e.g. Ferland et al. 1992; Peterson 1997) : it is located inside the obscuring torus, above and below the accretion flow, and at a distance of parsec scale from the supermassive black hole. Can we explain BLR clouds by clumpy outflow? From simulation data, the electron number density and the gas temperature of the clumps are estimated ∼ ρ cl /m p ∼ 10 11 cm −3 and ∼ 10 [Vol. , K for M = 10 8 M ⊙ , since the gas temperature is proportional to M −1/4 for radiation-dominated atomosphere. The volume filling factor is expressed by
where N cl = n cl r 2 sin θdrdθdϕ is the number of clumps, and r BLR is the size of the BLR. By using some typical values, we got the filling factor
This value is consistent with the observational values of the BLR clouds (Peterson 1997) . In this estimation, we assumed that each clump keeps its form up to the distance of r BLR = 10 5 r S ∼ 1pc. We check if clumps survive by comparing various timescales. The gas temperature of the clumps hardly change due to the matter-radiation coupling occur in them, whereas that of the ambient media would remain to be hot since the radiative cooling cannot be effective. The thermal conduction time scale, which is expressed by 3κ
, is also much lager than the dynamical time scale, where κ Sp is the Spitzer conductivity coefficient. Thus the clumps are expected to remain to large domain. To examine the stability of the clumps, the study with more larger simulation box is needed.
The estimated typical values from the super-Eddington outflow with the mass outflow rate ofṀ out = 10L E /c 2 is in agreement with the observational facts. Importantly, the photon luminosity of the underlying accretion flow is ∼ L E in spite of the large mass accretion and outflow rate, since the a large amount of photons inside the accretion flow is trapped and swallowd to the central black hole (so-called the photon-tapping effect) (Ohsuga et al. 2005) . Elitzur (2012) attempts to explain the observations of type I and II AGNs based on the assumption that clumpy outflow gas originating from the accretion flow is distributed around luminous AGN. His model can nicely explain the observed BLR disappearance at low luminosity (Elitzur & Ho 2009 ).
Possible line-driven outflow
Although we only consider the continuum radiation force in the present study, line force may also work in luminous black hole inflow-outflow system. The line-driven force has been suggested to the one of the most promising mechanisms of AGN outflow, since this can explain both acceleration and ionization states of the outflow materials (Proga et al. 2000) . When matter absorbs UV photons, it gets momentum from them, and is accelerated towards the direction opposite to that the photons come from. The ionized X-ray photon distribution determines the outflow structure (Castor et al. 1975; Risaliti & Elvis 2010; Nomura et al. 2012) . Since the SED of the underlying accretion flow strongly depends on the dynamics of line-driven outflows, it is unclear whether the line-driven mechanism does really work or not in the present study (note that we assume the gray approximation for radiation transfer). Kurosawa & Proga (2009) performed the three-dimensional hydrodynamical simulations of line-driven wind, reporting the clumpy outflow structure due to the rotation shear. Their finding is, however, independent of our work, in which radiationhydronamical effects seem to play a critical role. The performance of the global radiation-MHD simulation of the linedriven outflow is future work.
Conclusion
In this paper, we performed the two-dimensional global radiation-MHD simulations of supercritical accretion flows onto black holes in the larger computational box than our previous one and examined the properties of the outflow from the accretion flow in details. Here are our new findings:
• The outflows associated with supercritical (or superEddington) accretion flows have a clumpy structure above heights of ∼ 250r S . The typical clump size is ∼ 10r S , which corresponding to about one optical depth, and their shapes are slightly elongated along the outflow direction. In the clumpy outflow region, a clear anticorrelation is seen between matter density and the absolute value of radiation force per unit mass.
• Rayleigh-Taylor instability is the most plausible cause of the clump formation, since the clumpy structure appears in the layer where upward radiation force overcomes downward gravity force. In addition, a radiationhydrodynamic instability, which arises when radiation funnels through radiation-pressure supported atmosphere, may also help forming clumps of one optical depth. Magnetic filed is not essential for this clumpy structure formation.
• The spatial covering factor of the clumps are estimated ∼ 0.3 for typical parameters of supercritical accretion flow, regardless of the black hole mass nor the size of the clump. This mean that presence of the occasional obscuration of the light from the center by clumpy outflow. For the clumpy outflows from supermassive black hole with M = 10 8 M ⊙ , the photoionization parameter and the variability timescale of the clump are estimated ∼ 10 3 erg cm s −1 and ∼ 6 day, in good agreement with the observational results.
• If the clumps remain to parsec scale, the volume filling factor is estimated ∼ 10 −7 , and the clumpy outflow are consistent with the observational values of BLR clouds.
Appendix. Correlation Function
The correlation function is a measure of similarity of two waveforms as a function of a lag. Correlation analysis is used to find periodic patterns and/or coherent lengths in data. The correlation function f corr (L) of two sample populations x and y as a function of the lag L is calculated by, 
